Increased neuron and astrocyte activity triggers increased brain blood flow, but controversy exists over whether stimulationinduced changes in astrocyte activity are rapid and widespread enough to contribute to brain blood flow control. Here, we provide evidence for stimulus-evoked Ca 2+ elevations with rapid onset and short duration in a large proportion of cortical astrocytes in the adult mouse somatosensory cortex. Our improved detection of the fast Ca 2+ signals is due to a signal-enhancing analysis of the Ca 2+ activity. The rapid stimulation-evoked Ca 2+ increases identified in astrocyte somas, processes, and end-feet preceded local vasodilatation. Fast Ca 2+ responses in both neurons and astrocytes correlated with synaptic activity, but only the astrocytic responses correlated with the hemodynamic shifts. These data establish that a large proportion of cortical astrocytes have brief Ca 2+ responses with a rapid onset in vivo, fast enough to initiate hemodynamic responses or influence synaptic activity. 
B
rain function emerges from signaling in and between neurons and associated astrocytes, which causes fluctuations in cerebral blood flow (CBF) (1) (2) (3) (4) (5) . Astrocytes are ideally situated for controlling activity-dependent increases in CBF because they closely associate with synapses and contact blood vessels with their end-feet (1, 6) . Whether or not astrocytic Ca 2+ responses develop often or rapidly enough to account for vascular signals in vivo is still controversial (7) (8) (9) (10) . Ca 2+ responses are of interest because intracellular Ca 2+ is a key messenger in astrocytic communication and because enzymes that synthesize the vasoactive substances responsible for neurovascular coupling are Ca 2+ -dependent (1, 4) . Neuronal activity releases glutamate at synapses and activates metabotropic glutamate receptors on astrocytes, and this activation can be monitored by imaging cytosolic Ca 2+ changes (11) . Astrocytic Ca 2+ responses are often reported to evolve on a slow (seconds) time scale, which is too slow to account for activity-dependent increases in CBF (8, 10, 12, 13) . Furthermore, uncaging of Ca 2+ in astrocytes triggers vascular responses in brain slices through specific Ca 2+ -dependent pathways with a protracted time course (14, 15) . More recently, stimulation of single presynaptic neurons in hippocampal slices was shown to evoke fast, brief, local Ca 2+ elevations in astrocytic processes that were essential for local synaptic functioning in the adult brain (16, 17) . This work prompted us to reexamine the characteristics of fast, brief astrocytic Ca 2+ signals in vivo with special regard to neurovascular coupling, i.e., the association between local increases in neural activity and the concomitant rise in local blood flow, which constitutes the physiological basis for functional neuroimaging.
Here, we describe how a previously undescribed method of analysis enabled us to provide evidence for fast Ca 2+ responses in a main fraction of astrocytes in mouse whisker barrel cortical layers II/III in response to somatosensory stimulation. The astrocytic Ca 2+ responses were brief enough to be a direct consequence of synaptic excitation and correlated with stimulation-induced hemodynamic responses. Fast Ca 2+ responses in astrocyte end-feet preceded the onset of dilatation in adjacent vessels by hundreds of milliseconds. This finding might suggest that communication at the gliovascular interface contributes considerably to neurovascular coupling.
Results

Fast Ca
2+ Activity Occurs in Astrocytes. We recorded intracellular Ca 2+ responses in astrocytes and neurons by 2-photon microscopy (2-PM) during activation of the whisker barrel cortex. Whisker pad stimulation was used to activate the contralateral somatosensory cortex as indicated by a hemodynamic response. With intrinsic optical signal, the increased blood volume appeared as darkening of the blood vessels in the activated area (18, 19) (Fig. S1 ). The increases in blood flow occurred within the first second of stimulation, as previously reported (9, 12, 20, 21) . After verification that the neurovascular response was preserved, the center of the responsive cortex was stained with the membrane-permeable Ca 2+ indicator Oregon Green Bapta-1/ AM (OGB) (22) and the astrocyte-specific dye sulforhodamine 101 (SR101) (23) (Fig. 1A) . Based on double-staining and the morphology of cellular elements, regions of interest (ROIs) were defined as neuron somas, neuropil, and astrocyte somas, processes, or end-feet (Fig. 1A) . Whisker-pad stimulation evoked rapid Ca 2+ fluctuations in the neuropil and neuronal somas, concurrent with Ca 2+ increases in astrocyte somas in the same focal plane. The fast Ca 2+ fluorescence signal was observed in both astrocytes and neurons for every stimulation (Fig. 1B and 
Significance
The morphology of astrocytes places them as likely contributors to communication between nerve cells and blood vessels. They are reported to respond with few and slow Ca 2+ elevations, which exclude them as possible participants in initiation of blood flow responses or synapse communication. We establish that astrocytes have fast responses in addition to the slow. These rapid, brief Ca 2+ responses were present in a large proportion of astrocytes. We were able to observe these changes due to a signal enhancement analysis, which is useful when responses are small compared with baseline activity. Our findings indicate a higher sensitivity than generally believed of astrocytes.
Movie S1), suggesting rapid cytosolic Ca 2+ transients in both cell types.
Astrocytic Ca
2+ Activity Consists of Fast Responses Combined with Slow Augmentations. Because the prevalence of rapid elevation of Ca 2+ in cortical astrocytes is disputed, we investigated the stimulation-dependent Ca 2+ elevation in astrocytes in more detail ( Fig. 2A) . These elevations could be separated into fast and slow components by low-pass filtering (Fig. 2B) . The high-frequency astrocytic Ca 2+ signal was exposed by superimposing data points from all frames during a train of stimulation in accordance with the delay from each stimulus, followed by interpolation (Fig. 2C, Fig. S2 , and Movie S2). This visualization allowed us to characterize the fast Ca 2+ response with respect to time of onset, amplitude, and decay time, as illustrated in Fig.  2D . The time-lock to the stimulus was the key to identifying the fast astrocytic Ca 2+ signals. In addition, the observation that superposition of data points increased the signal-to-noise ratio suggested that the signal represented a series of similar temporal waveforms trapped in different frames of image scanning. The onset of the fast astrocytic Ca 2+ response occurred with a mean delay of 98 ms (± 8 ms, 95% confidence interval) after stimulus onset. The slow component of the response, which was seen over the entire train of stimulation, was observed with a time latency of 14.4 s (± 2.2 s) (Fig. 2E) . responses whereas slow responses were initiated in only 8.4% of astrocytes during the first 5 s after stimulation and in 13.3% during the following 60 s (Fig. 2E) . The origin of the two components of the astrocytic Ca 2+ response was examined by use of two glutamate receptor antagonists. The fast and slow astrocytic Ca 2+ responses were both significantly diminished when the AMPA receptor antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione disodium salt; Sigma-Aldrich) was applied (Fig. 3) . Correspondingly, the neuronal Ca 2+ responses and the local field potentials (LFP) were silenced. This result showed that astrocytic activation depended on recruitment of cortical neurons by the afferent synaptic input. The effect was more pronounced on the fast signals that were completely blocked; in comparison, the slow Ca 2+ responses were reduced. The mGluR5a receptor antagonist MPEP also dramatically reduced both fast and slow astrocytic Ca 2+ activity (Fig. 3) , which indicates an mGluRmediated signaling pathway for astrocyte activation. (Fig. 4B) . The evoked signals had the same appearance, with fast onset and short duration in all three ROI types. The fast Ca 2+ response in the end-feet was of particular interest because dynamic changes in this subcellular element have been claimed to be a major factor in the control of CBF (6) . This idea was supported by the occurrence of vasodilatation following fast Ca 2+ responses in the adjacent end-feet ( Fig. 4C  and Fig. S3 ). The responsiveness of end-feet (67.9 ± 12%) matched that of the somas (67.4 ± 12%) whereas astrocyte processes were slightly but significantly more reactive (74.5 ± 11%, P = 0.018, ANOVA). Stimulation-induced vasodilatation was observed in 21 vessels (15 mice). Fast Ca 2+ responses could be observed in astrocytic end-feet enveloping or contacting the dilating vessel in 77% of these cases. Although the amplitude of the Ca 2+ transients declined with increased stimulus frequency, the average response at 5 Hz stimulation was still well above 2 F SD at 2.7 ± 0.07 F SD for astrocyte somas, 2.66 ± 0.09 F SD for astrocyte processes, and 2.65 ± 0.12 F SD for end-feet. The attenuation of the fast astrocytic Ca 2+ signals with increased stimulation frequency correlated with the neuropil Ca 2+ activity (Fig. S4 ). This finding opened the possibility that we erroneously assigned fast Ca 2+ signals to astrocytes that stemmed from activity in the neuropil.
Neuropil Ca
2+ Activity Below or Above Astrocytic Cell Bodies Does Not Explain Fast Astrocytic Ca 2+ Signals During Stimulation. To examine whether the fast Ca 2+ signals that we assigned to astrocytes were instead fluorescence from the neuropil in other focal planes, 2-photon images were taken 4 μm apart along the z axis during repeated stimulations. The activity in the same ROI was recorded as the focus changed from the neuropil to astrocyte border, to astrocytic soma, to astrocyte border, and back to the neuropil (Fig. 5A ). The baseline fluorescence was higher in astrocytic cell bodies than in the neuropil because of differences in OGB uptake ( Fig. 5A , Left; note differences in scale of y axis). In addition, in most recordings, the absolute maximal fluorescence level of the evoked Ca 2+ responses was higher in astrocyte soma than in the neuropil (Fig. 5A, Right) . After normalization to baseline and interpolation of the fast signals, neuropil responses might in some cases be larger than astrocytic responses because neuropils respond more consistently when stimulated (Fig. 5B ). In the unfiltered recording, the fast, stimulationevoked astrocytic Ca 2+ transients were less conspicuous (Fig. 5A , Left) because of the high Ca 2+ activity during the baseline period, measured in units of SD of the mean (1,887 mean, SD ± 169, n = 32 animals). This value was ∼4 times higher (P < 0.001) than in the neuropil (414 mean, SD ± 32, n = 32 animals) (Fig.  5C ), which explains why fast Ca 2+ signals are commonly perceived in neuropil but not in astrocytes.
Despite the large difference in the level of fluorescence emitted from neuropil and astrocytes, neuropil still might have been influencing astrocytic signals because of the inherent inaccuracy of fluorescence microscopy. Especially along the z axis, the effect of the point spread function (PSF) introduces dispersion of the signal (24) . The size of the axial distribution width of our system along the x, y, and z axes was estimated by scanning of fluorescent micro beads (24, 25) and was found to be 1.46 μm along the z axis, and 0.20 and 0.29 μm along the x and y axes, respectively (Fig. 5E ). This information was used to estimate how much fluorescence emitted from the neuropil above and below the astrocytes contributed to the fluorescent signal recorded from the center of the astrocyte soma (Fig. 5D) . The difference between the total fluorescence added from neuropil and the level of fluorescence in the astrocyte was large, 5,668 ± 851 in arbitrary fluorescence units (a.u.F, P < 0.001, in n = 28 ROIs for each sampling above, in, and below an astrocyte) (Fig.  5F) To further ensure that the observed Ca 2+ changes originated from astrocytes, we applied Rhod2, a Ca 2+ indicator that has been shown to enter only astrocytes (26, 27) (Fig. 6 ). The preference of tetramethylrhodamine derivates like Rhod2 for astrocytes (28) was evident in our experiments, in which neuronal somas appeared as black circles without fluorescence (Fig. 6A , white asterisk); in contrast, astrocyte somas were clearly labeled (Fig. 6A ). Two classes of ROIs were defined, astrocyte somas and small astrocyte processes ( (Fig. S4) . The signals were not as frequent (Fig. 6D ) or of the same magnitude as those observed with OGB (Fig. 6E) ; however, identical response patterns were observed with respect to stimulation frequency and time delay from stimulation to the peak Ca 2+ response of 102.9 ms (± 7.0, n = 32 animals) for astrocyte soma and 96.0 ms (± 9.4, n = 32 animals) for small astrocytic processes. The average maximum response amplitude was >2 F SD for all stimulation frequencies, confirming that astrocytes responded with fast Ca 2+ signals. Of note, the evoked, fast Rhod2 fluorescence signals from the small astrocytic processes were slower than OGB signals in the neuropil (Fig. 7C ). The Ca 2+ signals obtained using Rhod2 were derived from small astrocytic processes so this slowness provided indirect evidence that Ca 2+ activity recorded in the OGB-stained neuropil stemmed primarily from neuronal dendrites rather than from astrocytic processes. Next, we compared the temporal aspect of fast, brief Ca 2+ signals in neuropil, neuronal somas, and astrocyte somas, processes, and end-feet ( Fig. 7 A and B) . The first ROI to respond to stimulation was the neuropil (Fig.  7B ). Ca 2+ responses in the neuropil peaked at 80.9 ± 3.6 ms after stimulation (Fig. 7C ). In comparison, the time delay to peak Ca 2+ elevations was ∼100 ms in neuron soma and in astrocyte somas, processes, and end-feet (Fig. 7C) . Thus, the maximal neuropil Ca 2+ signal preceded the peak of adjacent astrocyte and neuronal subcellular elements by ∼20 ms (P < 0.001, n = 32 animals) (Fig. 7C ). This delay may represent the time latency for a synaptic input to trigger Ca 2+ signals in adjacent tissue. The maximum amplitude of the Ca 2+ signal varied between cells in both neurons and astrocytes and among subcellular compartments, but, in all ROIs, the mean response exceeded 2 F SD , being in neuropil 7.14 F SD (± 0.04%, n = 1,746 ROIs), in neuron soma 3.89 F SD (± 0.16%, n = 501 ROIs), in astrocyte soma 3.26 F SD (± 0.05%, n = 467 ROIs), processes 3.73 F SD (± 0.08%, n = 438 ROIs), and end-feet 3.33 F SD (± 0.07%, n = 265 ROIs).
We observed a significant difference in Ca 2+ responsiveness among the cell types and structures, defined as the percentage with ΔF > 2 F SD (ANOVA, P < 0.05), except between astrocyte somas and end-feet (Fig. 7E) . The responsiveness was highest in the neuropil, as 99.6% of ROIs (± 0.02%, n = 64 in 15 animals) responded above the threshold to stimulations at 1 Hz. The astrocytic somas were the least responsive, with fast Ca 2+ signals in 67.4% of ROIs (± 0.12%, n = 74 in 15 animals). Increased stimulation frequency did not significantly influence responsiveness in any of the studied structures although it did have an effect on the size of the evoked Ca 2+ responses during stimulation trains with stimulation frequencies of 2 Hz or higher (Fig. S4) . This effect on Ca 2+ responses was comparable with the effect of increased stimulation frequency on LFP size previously observed (21) . Maximum amplitude (ΔF/F 0 ) of the evoked Ca 2+ responses ranged from 25% to 35% in all structures, except astrocyte processes, which had significantly higher amplitude (Fig. 7F) . We used the OGB fluorescence values to estimate the level of the Ca 2+ responses. When the OGB/SR101 ratio was used to compensate for possible movements, the size of the fast responses was not reduced in the astrocytic processes and end-feet and was reduced only to some degree in the astrocyte soma (Fig. S5 ). This result supported the finding that the size of the ΔF/F 0 responses did not differ between ROIs. In contrast, we observed variations in the decay time in the different structures (Fig. 7D) . The decay time (tau) was significantly longer in neuronal somas (68.2 ± 3.9 ms) and neuropil (59.7 ± 3.6 ms) than in astrocyte somas (49.4 ± 3.9 ms), processes (48.2 ± 2.3 ms), and end-feet (49.2 ± 3.9 ms) (n = 32 animals, ANOVA, P = 4.3 × 10 −6 ), showing that the signal lasted longer in neurons than in astrocytes. (Fig. 8A ) and CBF responses (Fig. 8B) (1, 4, 29, 30) . We regarded the minimum of our extracellular recorded LFPs as reflecting the fEPSPs. First, the sum of the evoked Ca 2+ response peaks was correlated with the sum of the response amplitudes of the fEPSPs at different stimulation frequencies (Fig.  8C) . The two parameters were found to be linearly correlated in both neuropil (R 2 = 0.91, P = 7.6 × 10 S4 ). Regression analysis of total Ca 2+ activity in the neuropil, astrocytic structures, and neuronal soma versus CBF responses at different stimulation frequencies (Fig. 8D ) revealed significant linear dependence for the astrocytic soma (R 2 = 0.74, P = 0.039) and end-feet (R 2 = 0.94, P = 0.004) but not for astrocyte processes (R 2 = 0.64, P = 0.064), neuropil (R 2 = 0.45, P = 0.127), and neuron soma (R 2 = 0.59, P = 0.081). This finding suggests that the stimulation-induced increases in CBF correlate strongly to fast Ca 2+ responses in astrocyte soma and end-feet but not to astrocyte processes or neuron soma or neuropil. In addition, our results demonstrate that astrocytes are highly responsive to synaptic excitation. During a stimulus train, each stimulus evokes a short-latency Ca 2+ transient in the majority of astrocytes. This finding is remarkable because it indicates that astrocytes are highly responsive to discrete synaptic events, with fast Ca 2+ signals that are time-and phase-locked to the stimulus and with considerable potential impact for neurovascular coupling.
Discussion
In this work, we showed that cortical astrocytes respond to somatosensory stimulation with intense local increases in Ca 2+ . This activity comprised two types of events, a fast and a slow rise in Ca 2+ levels, which were clearly separable because of their distinct temporal characteristics. Slow astrocytic Ca 2+ responses have been reported previously (13, (31) (32) (33) . The majority of the fast, high-frequency signals could be identified only after superposition of data points recorded during a stimulation train, which might explain why fast astrocytic Ca 2+ signals have so seldom been reported in vivo (9) and emphasizes the relevance of the method of analysis applied here. Our results are consistent with work in hippocampal slices (16, 17) . In somatosensory cortex, previous findings suggested that only 5% of astrocyte somas had fast Ca 2+ responses in vivo (9) . We report that, in the whisker barrel cortex, up to 66% of astrocyte somas and 70% of processes respond with a fast Ca 2+ signal and that local vasodilatation was preceded by rapid Ca 2+ responses in astrocyte endfeet. We suggest that the higher prevalence of fast, short-latency Ca 2+ transients in astrocytes observed in our study is the result of a high sensitivity that resulted from the combining of reordered data points, which increased the signal-to-noise ratio.
The Ca 2+ responses in the neuropil appear to have been larger and more frequent than fast astrocytic Ca 2+ responses as reported by others (34) . This disparity raised the possibility that the fast Ca 2+ responses we assigned to astrocytes were in fact fluorescence from the neuropil as has recently been proposed (8) . We addressed this question in three ways. First, we showed that the fluorescence emitted from the neuropil during stimulation was below the baseline level in astrocytes and far below the levels evoked by stimulation. This result, combined with the 1.46-μm width of the axial PSF of our imaging setup, suggested a contribution from the adjacent neuropil that was far too small to account for the fast astrocytic Ca 2+ responses. Second, we recorded fast Ca 2+ responses in preparations in which only astrocytes were loaded with a fluorescent Ca 2+ indicator. The dynamic characteristics of Ca 2+ responses measured in astrocytes with OGB/SR101 in the presence of changing stimulation frequencies were reproduced with Rhod2. The quantitative differences in signals between OGB and Rhod2 may be ascribed to the difference in dissociation constants for the two dyes and the higher accumulation of Rhod2 in mitochondria (28) . Third, the fast Ca 2+ response in the neuropil preceded the Ca 2+ responses in astrocytes and other structures by 20 ms. This dissociation in time further supports that the fast Ca 2+ signals are separate events in astrocytes and neuropil. It has been suggested that analysis of astrocytic Ca 2+ activity is problematic due to the suspicion that astrocytes may contain neuronal processes (8) . This notion is based on descriptions of how astrocyte processes fill out a volume around neuronal somas and dendrites (35, 36) . However, the astrocyte somas are dense and largely filled by organelles, including the cell nucleus (27, 37), and have not been shown to be pierced by neuronal subcellular elements. Therefore, the fast Ca 2+ signals we observed in astrocytes, in particular the somas, are not explained by a partial volume effect produced by contamination from neuronal processes.
The evoked fast Ca 2+ responses were more consistent in neuropil and neuron somas than in astrocytic structures, and the neuropil responses were faster. We consider this pattern to reflect the time it takes from the start of the synaptic input to the opening of Ca 2+ channels in the plasma membrane as well as internal stores. The size of the fast Ca 2+ responses in neuronal soma, neuropil, and astrocyte soma and processes correlated with the amplitude of the fEPSP; thus, the Ca 2+ changes might reflect the level of synaptic excitation. Astrocytes are known to be positioned close to synapses, forming what has been termed the tripartite synapse (38) . The fast astrocytic Ca 2+ response was inhibited by blocking glutamate AMPA receptors. This sensitivity suggests that full activation of astrocytes occurs downstream from AMPA-mediated recruitment of cortical neurons by the afferent synaptic input from cortical layer IV, whereas the mGluR sensitivity of the response points to the mGluR-mediated signaling pathway for astrocyte activation. Ca 2+ levels in astrocytic somas respond to glutamate spillover from the synaptic cleft (1). mGluR5a activation leads to increased cytosolic Ca 2+ by IP 3 -mediated release from endoplasmic reticulum (32, 33) and could be the pathway from stimulation to rapid Ca 2+ responses in astrocytes. The presence of mGluR5a in astrocytes in adult mouse cortex is debated (8, 39) , and we cannot exclude that the effect of the mGluR5 receptor antagonist on Ca 2+ signals in our experiments is indirect, i.e., via an effect of synaptic transmission. Alternatively, one might speculate that ATP release from interneurons may trigger the fast astrocytic Ca 2+ (40, 41) . Nevertheless, the correlation between the fast Ca 2+ responses in astrocytes and the amplitude of the fEPSPs supports the notion that Ca 2+ responses are evoked by synaptic activity. The average decay time for the fast responses was 49 ms in our experiments (tau, Fig. 7 ), much faster than the latency of slow Ca 2+ responses (33) . The latency and duration of the fast Ca 2+ responses that we recorded in astrocytes in the somatosensory cortex of anesthetized mice in vivo are compatible with their being evoked by single stimuli, similar to the responses in the cerebellum of awake mice (42) and in hippocampal slices (17) .
This work combined electrophysiological and hemodynamic measures with 2-photon microscopy of Ca 2+ transients to study neurovascular coupling. By sampling fast astrocytic Ca 2+ signals, we demonstrated the high occurrence of these local signals and established a clear linear relationship between the Ca 2+ transients in astrocyte soma and end-feet and the hemodynamic response. This association was further supported by the observation of fast astrocytic Ca 2+ responses in end-feet before dilation of an adjacent vessel. The rise in astrocytic Ca 2+ reported here is similar to what has been reported for slice preparations associated with local vasodilatation (14, 43) . We suggest that stimulation-induced Ca 2+ increase may provide the rapid neurovascular coupling needed to adapt metabolic activity to fluctuations in neuronal network activity. We cannot exclude that neuronal activity modulates the CBF responses as well although we did not Regardless, by providing direct evidence for fast Ca 2+ responses, our study resolves the controversy over whether they appear rapid enough in astrocytes to contribute to neurovascular coupling. We suggest that fast and slow astrocytic Ca 2+ signals may contribute to different phases of the CBF response (45), as follows: Fast Ca 2+ signals may initiate the CBF response, and the slower and longer-lasting astrocytic Ca 2+ elevations could contribute to the sustained hemodynamic response. Our work points to an immediate interaction between neurons and astrocytes and a key role for fast astrocytic Ca 2+ responses as a basic mechanism in neurovascular coupling.
Materials and Methods
Animal Handling. All procedures involving animals were approved by the Danish National Ethics Committee according to the guidelines set forth in the European Council's Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes. Male white Naval Medical Research Institute mice (8 week old, Crl:NMRI) were surgically prepared for experiments as described previously (46) . A craniotomy was drilled with a diameter of ∼4 mm with the center 0.5 mm behind and 3 mm to the Table 1 . right of the bregma over the motor-sensory barrel cortex region. During experiments, animals were anesthetized with alpha-chloralose (i.v.). A total of 32 animals were used in the 2-photon experiments. An additional 14 animals were used to study blood flow in a separate experimental setup.
Stimulation. The mouse sensory barrel cortex was activated by stimulation of the contralateral ramus infraorbitalis of the trigeminal nerve using a set of custom-made bipolar electrodes inserted percutaneously. The cathode was positioned corresponding to the hiatus infraorbitalis (IO), and the anode was inserted into the masticatory muscles (21) . Thalamocortical IO stimulation was performed at an intensity of 1.5 mA (ISO-flex; A.M.P.I.) and lasting 1 ms, in trains of 15-45 s at 0.5-5 Hz.
Electrophysiology. A single-barreled glass microelectrode filled with 2 mol/L saline (impedance, 2-3 MΩ; tip, 2 μm) was inserted into the whisker cortex layer II/III for recordings of the extracellular local field potentials (LFP). An Ag/AgCl electrode inserted in the neck muscles served as ground. The mV negativity in LFP recordings was considered as the fEPSP. The signal was amplified using a differential amplifier (gain 10×, bandwidth 0.1-10,000 Hz; DP-311; Warner Instruments) first, followed by additional amplification using CyberAmp 380 (gain 100×, bandwidth 0.1-5,000 Hz; Axon Instruments), and digitally sampled using the 1401mkII interface (Cambridge Electronic Design) connected to Spike2.5 software (Cambridge Electronic Design) running at a sampling rate of 20 kHz.
Cortical Blood Flow Measurements. Hemodynamic responses were measured by intrinsic optical signals or monitored using laser-Doppler flowmetry (LDF). Intrinsic optical signaling. Intrinsic optical signals were recorded on a Leica microscope at 4× magnification and including the entire preparation in the field of view. The light source consisted of LEDs with green light filters to ensure imaging of changes in blood volume (19) . A fast-capturing camera (QuantEM 512SC) sampled 100 images/3.5 s before and during 15 s of 5 Hz stimulation. The difference in absorption due to shifts in oxyhemoglobin and deoxyhemoglobin concentrations was calculated (47) . Laser-Doppler flowmetry. A flexible probe (MT B500-0, 0-500 μm fiber separation; Perimed) was glued to the skull next to the craniotomy and angled to measure within the craniotomy. In experiments outside the microscope, another probe (415-264, 140 μm fiber separation; Perimed) was placed above the microelectrode that recorded electrophysiological variables (PeriFlux 4001 Master; wavelength 780 nm; Perimed). The LDF signal was smoothed with a time constant of 0.2 s, sampled at 10 Hz, A/D converted, and then digitally recorded and smoothed again (time constant = 1 s) using the Spike2 software. The LDF method does not measure CBF in absolute terms; however, it is valid for determining relative changes in CBF during moderate increases in flow (48) . Evoked CBF increases were expressed in percentage of baseline. No significant changes in the CBF baseline were observed during the experiments.
Two-Photon Imaging. Ca 2+ imaging was performed using a commercial 2-photon microscope (SP5 multiphoton/confocal Laser Scanning Microscope; Leica), a MaiTai HP Ti:Sapphire laser (Millennia Pro; Spectra Physics), and a 20 × 1.0 N.A. water-immersion objective (Leica). Tissue 100-120 um below surface was excited with an 800-nm wavelength laser, and the emitted light was split to red and green light. The field of view was scanned at 12 Hz in 75-to 90-s periods. The tissue was at no time exposed to above 20 mW, and no signs of phototoxicity were observed.
Dye Loading. In 2-photon experiments, we used two types of rhodamine-based dye to identify the astrocytes: Rhod2 (rhod-2, AM; 0.8 mM diluted in aCSF; Invitrogen, Molecular Probes) and SR101 (sulforhodamine 101; 1 mM diluted in aCSF; Sigma-Aldrich). Both dyes were surface-loaded before agarose application. Oregon Green Bapta-1/AM (OGB-1/AM; 0.8 mM diluted in aCSF; Invitrogen, Molecular Probes) in dimethyl sulfoxide plus 20% (wt/vol) SDS Pluronic F-127 (BASF Global) was bulk-loaded in the cerebral cortex using extracellular microinjection (4-6 psi, 4 s; Pneumatic Pump; World Precision Instruments). In some experiments, 10% (wt/vol) SDS TRITC-dex (tetramethylrhodamine isothiocyanate-Dextran; Sigma-Aldrich) was administered into the venus femoralis to label the blood plasma.
Image Analysis. Stimulation of the whisker pad increased fluorescence emitted from the calcium indicator (Rhod2 or OGB), reflecting Ca 2+ activity in the tissue. The labeling pattern of the SR101 dye was used to select regions of interest (ROIs) as either astrocytic or neuronal. The fluorescence changes were averaged within ROIs. Analytical software was custom-made using Matlab and a scientific Python toolchain: SciPy (www.scipy.org) and Matplotlib (www.matplotlib.org). Isolation of slow Ca 2+ responses. Ca 2+ signals from ROIs were filtered to separate the high-and low-frequency activity during stimulation. They were then normalized to percentages of the level during the baseline period and smoothed by nondecimated discrete wavelet transform, discarding all details at the sixth level of decomposition and keeping only the last smoothed approximation of the signal. Given the sampling interval, the approximation was roughly equivalent to smoothing with a Gaussian lowpass filter with σ = 3 s. After smoothing, the positions of the local extrema of the smoothed signal and its first derivative were found. The onset of the response (start time) was calculated as the position of the maximum of the first derivative (fastest rate of change) occurring before the position of the main peak in the smoothed signal, but after the stimulus (Fig. 2B, and astrocytic somas (red, R 2 = −0.94, P = 4.2 × 10 −3 ) and processes (orange, R 2 = −0.89, P = 9.9 × 10 −3 ), but not for the end-feet (gray, R 2 = −0.34, P = 0.1765) (n = 15 animals, Pearson's; for number of ROIs included, see Table 1 ). (D) Correlation analysis of the summed Ca 2+ signals versus the normalized CBF response (n = 15 animals) revealed a significant association for astrocyte soma (red, R 2 = 0.74, P = 0.039) and end-feet (gray, R 2 = 0.94, P = 0.004), but not for neuropil (blue, R 2 = 0.46, P = 0.127), neuron soma (green, R 2 = 0.59, P = 0.081), or astrocyte processes (orange, R 2 = 0.64, P = 0.064) (n = 15 animals, regression analysis). All error bars are SEM. triangle). The response was considered significant if the main peak of the smoothed signal exceeded 0.85 SDs of the analyzed signal (SD calculated during the baseline period). The threshold was low because we use smoothed signals for analysis and most of the noise was fast-changing so that it was effectively removed when smoothing. Therefore, we could use a low threshold value because we defined threshold relative to SD from the nonsmoothed ΔF/F 0 signals. Fast, single Ca 2+ signal interpolation. Averaged fluorescence signals from ROIs were normalized based on the fluorescence changes in the baseline period to estimate the Ca 2+ changes in an arbitrary scale. The signals were calculated either as a percentage of the baseline level (ΔF/F 0 ) or in SDs of the activity during the baseline period (ΔF SD = ΔF-F 0 /SD 0 ). The latter was used to assess the level of statistical significance by which the value deviated from the nonstimulated Ca 2+ activity. All pixels within the ROI were included in the signal. The samples taken after the different stimulation in the stimulation train were superimposed to form a cloud of data points after a fictive single stimulation and interpolated to provide an estimate of the true Ca 2+ response (Movie S2).
The fast Ca 2+ signals were fitted by a pulse function with instantaneous rising front and exponentially decaying tail:
Amplitude transients for the 2-to 5-Hz stimulations were fitted with a pulse function with almost instantaneous rise and a single exponential decay:
parametrized with the peak amplitude A, peak time t 0 and decay time constant τ. For the 0.5-to 1-Hz stimulations, we used a pulse function with a doubleexponential decay:
parametrized with two nonnegative peak amplitudes A 1 and A 2 , peak time t 0 , and decay time constants τ 1 and τ 2 . In both cases, the parameters were obtained from the least squares fit of the cloud of points and used to characterize transient fluorescent responses. In the case of double-exponential fits, only the faster component was used.
Whole picture analysis of fast Ca 2+ responses. TIFF images of the red/green fluorescence were normalized based on the baseline intensity levels as either percentage or F SD . They were rearranged using the stimulation time as time lock, in the same way as the data averaged over ROIs (Fig. S2) . Thus, the fast Ca 2+ signals could be visualized on a single-pixel scale by linear interpolation over data points in the same pixel from image to image. Either the size of the Ca 2+ response was calculated in percentage of baseline (ΔF/F 0 ) (Figs. 3 and 5) or in SD of baseline (F SD ) (Figs. 4 and 6 ), or the fast Ca 2+ responses were classified as astrocytic or nonastrocytic (Fig. 7) . In Fig. 7 , only pixels with levels >2 SD of baseline levels were presented because they were considered to represent significant Ca 2+ responses. To define areas as astrocytic, the SD of the color levels of the entire image in the red channel (SR101) was used. Pixels were defined as astrocytic if their intensity was >2 SD. Postsampling line analysis of vessel diameter. The green channel was used because the bulk-loaded OGB dye outlined the vessels within the field of view. A region sheathed by astrocyte end-feet was chosen based on SR101 staining, and a transverse line was selected. A series of XY images were taken before, under, and after a stimulation train and were averaged over time with a 1-s-wide moving window. All pixels belonging to the line were extrapolated from the time series as an XT (transverse line × time) image. Pixels corresponding to the vessel were taken as those whose intensity was ≥85% of the average pixel intensity of the whole XT image. For any time point, the width of the vessel was then calculated as the number of these pixels at the time point in question. A dilatation was considered to be significant when five or more time points showed a vessel diameter more than 2 SD broader than before stimulation. All analysis was done with a custom-made program written in Matlab.
Z-Axis Influence on Fluorescence. Estimation of point-spread function in the z axis. The point-spread function of our system was estimated by scanning of 1-μm fluorescent microbeads. The center of the centroid and the difference between actual and perceived diameter were used to calculate sigma, as described (24, 25) (Fig. 5E) . Z axis distribution of neuropil fluorescence. The influence of fluorescence from one point to the layer above and below as a result of point spread is Gaussian distributed:
F (z0) is peak fluorescence intensity among given points, F (z) is the fluorescence at another point, and z − z 0 is the distance between the two points. The axial distribution width is then σ and was found to be 1.46 μm in our system. The formula was used to find the level of fluorescence contributed by overlying and underlying neuropil to the centers of several astrocytes (Fig. 5 F and G) .
Drug Application. CNQX (6-cyano-7-nitroquinoxaline-2,3-dione disodium salt; Sigma-Aldrich) was prepared as a 2-mM solution, with the pH adjusted to a physiological value (7.4) with NaOH and HCl, and used in three experiments. It was dissolved in aCSF and applied by placing drops of the dissolved compound on the agarose covering the cortex. MPEP Statistical Analysis. The number of ROIs included in the study is listed in Table 1 .
The drug effects of CNQX and MPEP and a comparison of the size and timing of fast Ca 2+ signals in different cellular compartments were analyzed using three-way analysis of variance [ANOVA; R, R Development Core Team (2010); R Foundation for Statistical Computing], followed by a paired t test for significance at specific time points. The significance level was set at a two-tailed α of 0.05. In some cases, data were log-transformed before analysis to obtain a normal distribution.
Mean fEPSPs were correlated to mean peak amplitudes of Ca 2+ transients obtained during the same stimulation train in the same animal (Extreme; OriginPro 8.1). CBF responses were calculated as area under the curve (AUC) of the CBF signals using Matlab and normalized to the preceding 30-s baseline. Mean CBF responses were then correlated to mean peak amplitudes of Ca 2+ transients obtained with the same experimental protocol in different preparations using 2-photon imaging (Extreme; OriginPro 8.1). The different points in Fig. 8 s.
s.
=stimuli Fig. S2 . Method of data superposition after repeated stimulations. The figure illustrates how images taken during a train of stimulations (Left) were sorted depending on the time delay from the stimulation (Right). Subsequently, data points were plotted corresponding to the time at which the frame was captured.
In this way, a signal could be identified following interpolation. 2+ signals in whisker-barrel cortex, OGB (green) /SR101 (red). ROIs: astrocytic soma (a.s., red), astrocytic process (a.p., orange), and astrocytic end-feet (a.e.-f., yellow). (B) The emission spectra of OGB and SR101 overlap; thus, a spillover from the OGB channel to the red channel is unavoidable. (C) When a ratio is calculated, the size of the responses is attenuated. Neuropil and neuron somas are not stained by SR101; therefore, the size of the Ca 2+ responses is more affected by the use of the OGB/SR101 ratio. The Ca 2+ responses in astrocyte areas are not as decreased, possibly due to less influence from the spillover effect on the ratio values, because the red primarily derive from SR101 emission. n = 300 neuropil, 885 neuron soma, 337 astrocyte soma, 252 astrocyte processes, and 114 astrocyte end-feet. (D) The Ca 2+ activity is significantly attenuated when estimated as OGB/SR101 ratio compared with OGB alone in astrocyte soma (P = 1.1 × 10 −6 , Student t test, n = 91 ROIs). The maximum in astrocyte processes (P = 0.57, Student t test, n = 72 ROIs) and end-feet (P = 0.80, Student t test, n = 49 ROIs) is not significantly affected (n = 19 animals). (E) The percentage of ROIs responding with a fast Ca 2+ signal at 0.5-Hz stimulation (>2 F SD ) was significantly reduced in astrocyte soma (P = 3.63 × 10 , Student t test, n = 72 ROIs), and end-feet (P = 6.54 × 10 −5 , Student t test, n = 49 ROIs) (n = 19 animals). Error bars in SE of proportions. All other error bars represent SEM.
